Prediction of phenotypes from genetic data is considered to be the first practical application of data gained from association studies, with potential importance for medicine and the forensic sciences. Multiple genes and polymorphisms have been found to be associated with variation in human pigmentation. Their analysis enables prediction of blue and brown eye colour with a reasonably high accuracy. More accurate prediction, especially in the case of intermediate eye colours, may require better understanding of gene-gene interactions affecting this polygenic trait. Using multifactor dimensionality reduction and logistic regression methods, a study of gene-gene interactions was conducted based on variation in 11 known pigmentation genes examined in a cohort of 718 individuals of European descent. The study revealed significant interactions of a redundant character between the HERC2 and OCA2 genes affecting determination of hazel eye colour and between HERC2 and SLC24A4 affecting determination of blue eye colour. Our research indicates interactive effects of a synergistic character between HERC2 and OCA2, and also provides evidence for a novel strong synergistic interaction between HERC2 and TYRP1, both affecting determination of green eye colour.
INTRODUCTION
The significance of interactions between genes for their phenotypic effect has been known since Bateson 1 first described the masking effect of an allele in one gene on an allele in another gene. Soon afterwards, epistasis was defined by Fisher 2 as a deviation from additivity in the effect of variants at various loci with respect to their contribution to a phenotypic trait. 3 Presently, epistasis or genetic interaction is understood as a departure from a linear model that describes how various factors predict a final phenotypic effect. 4 Prediction of phenotypes from genetic data is considered to be important in both medical and forensic examinations. In particular, it can improve medical care by more accurate prognosis and prevention 5, 6 and speed up forensic investigations by providing information concerning externally visible traits in criminal non-suspect cases or cases concerning identification of human remains. 7, 8 Variation in pigmentation phenotype is particularly high in humans, especially in populations of European descent, and thus prediction of this phenotype would seem to provide information of particular importance for forensic examinations. Human pigmentation is considered to be mostly under genetic control. It has been assessed; for example, that hair colour is 92% controlled by the genetic component. 9 Several genes were associated with various pigment traits long before the genome-wide association study era. [10] [11] [12] [13] [14] [15] [16] However, it is important to note that-unlike in the case of testing for many complex diseases 17 genome-wide association study has been particularly effective in association testing for human pigmentation and has confirmed already known, and revealed multiple new polymorphisms and loci involved in determination of human pigmentation. [18] [19] [20] [21] This has been particularly striking in the case of variation in eye colour, which is assessed to be 50% explained by known polymorphisms. 22 This has led to the first predictive tests of extreme eye colours (blue or brown) in forensic sciences with relatively high accuracies. 23, 24 Importantly, the intermediate iris colours (green or hazel) are still difficult to predict. 25 It is possible that detection of nonlinear effects between known predictors and their implementation in prediction models may be important for better prediction of these intermediate states, and may lead to a further increase in prediction accuracy of extreme phenotypes.
Some reports have concluded that interactions between genes may be important in determination of the pigmentation phenotype on the basis of results suggesting epistatic effects between MC1R and HERC2, HERC2 and OCA2, HERC2 and SLC24A4, OCA2 and SLC45A2 and between HERC2 and IRF4. 22, 26 Therefore, we further investigated this issue and using multifactor dimensionality reduction (MDR) and logistic regression methods undertook a study of interaction effects, examining 24 polymorphisms in 11 known genes involved in pigmentation in humans in a population sample of 718 individuals of European descent.
MATERIALS AND METHODS

Study subjects
The study was approved by the Ethics Committee of the Jagiellonian University in Krakow (KBET/17/B/2005) and the Commission on Bioethics of the Regional Board of Medical Doctors in Krakow (48 KBL/OIL/2008). A total of 718 specimens were obtained from unrelated males and females (between 18 and 85 years old) of European descent (Polish nationality) by a specialist from the Department of Dermatology of the Jagiellonian University Hospital. Phenotyping was conducted under professional observation. Eye colour was classified into four categories; that is, blue, green, hazel and brown.
DNA extraction and quantification
DNA was extracted with the NucleoSpin Tissue extraction kit (Macherey-Nagel GmbH & KG, Duren, Germany), using a protocol intended for buccal swabs. Briefly, a buccal swab was placed into a 2-ml tube and treated with 400 ml of TE buffer, 400 ml of lysis buffer B3 and 25 ml of proteinase K for 20 min in a water bath at 70 1C. Next, 400 ml of 96% ethanol was added to the lysis mixture and 600 ml of total content was put onto the NucleoSpin Tissue Column, centrifuged for 1 min at 11 000 RCF and washed with BW and B5 buffers. Finally, DNA was eluted into a new 1.5-ml tube with warmed (B701C) elution buffer BE. The DNA concentration was measured using a Quant-iT Pico Green dsDNA Assay Kit (Invitrogen, Eugene, OR, USA) and Fluoroskan Ascent FL (Labsystems, Helsinki, Finland).
Single nucleotide polymorphism Genotyping
The 24 (SNPs) located in 11 genes, which have been shown to be significantly associated with human pigmentation 10, 13, 14, 16, 18, 19, [21] [22] [23] [24] [25] [27] [28] [29] [30] [31] [32] were genotyped in two multiplex minisequencing assays. The list of the studied polymorphisms is given in Supplementary Table 1. Multiplex 1 (M1) included 13 SNP positions  from 10 genes: SLC45A2, IRF4, TYRP1, TPCN2, TYR, KITLG, SLC24A4, OCA2,  HERC2 and ASIP, and multiplex 2 (M2) included 11 SNPs, all located in the MC1R gene. In the case of M1, 13 DNA fragments were amplified simultaneously using PCR primers given in Supplementary Table 2 and the Qiagen Multiplex PCR kit (Qiagen, Hilden, Germany). The PCR reaction consisted of 2.5 ml Qiagen Multiplex PCR mixture, 0.5 ml Q solution, 0.5 ml primer premix (final concentrations are shown in Supplementary Table 2), and 1.5ml (B1-10 ng) of template DNA. The amplification reaction was carried out in the GenAmp 9700 thermocycler (Applied Biosystems, Foster City, CA, USA). The applied temperature profile was as follows: 951C/15 min, (94 1C/30 s, 58 1C/90 s, 72 1C/90 s)Â32, 72 1C/10 min. In the case of M2, the complete MC1R exon was amplified using primers described by Kanetsky et al. 29 The PCR reaction consisted of 2.5 ml Qiagen Multiplex PCR mixture, 0.5 ml of primer premix (the final concentrations are shown in Supplementary Table 2) and 2 ml of template DNA. The amplification reaction was carried out at the following temperature profile: 95 1C/1 min, (94 1C/ 10 s, 64 1C/30 s, 72 1C/40 s)Â34, 72 1C/10 min. The PCR products were always purified with a mixture of Exonuclease I (ExoI) and Alkaline Phosphatase (SAP) enzymes (Fermentas, Vilnius, Lithuania) and subjected to minisequencing reactions using a SNaPshot multiplex kit (Applied Biosystems). A single reaction consisted of 0.5 ml SNaPshot mix, 0.5ml of extension primer premix, 1 ml of purified PCR product and 3 ml of Dnase-free water. Details of extension primer sequences and their final concentrations are shown in Supplementary 
Statistical calculations
Population analyses and haplotype evaluation. The genetic data obtained for each SNP were tested for agreement with Hardy-Weinberg expectations and degree of linkage disequilibrium between analysed polymorphic sites. Wholepopulation analyses were conducted using Arlequin version 3.1 software (http://cmpg.unibe.ch/software/arlequin3). Haplotypes were reconstructed and evaluated using the statistical methodology developed in Epstein and Satten 33 for all the SNPs located on the same chromosome except of the MC1R polymorphisms, which all may have functional effects. The method relies on a likelihood approach that uses the Expectation-Conditional-Maximization (ECM) algorithm and was implemented in the Chaplin version 1.2.2 computer software (http://genetics.emory.edu/labs/epstein/software/chaplin/index.html). This approach also enables evaluation of haplotype association with particular phenotypes. The association of individual haplotypes (only those with a frequency exciding 5% were considered) with eye colour (blue vs non-blue test) was estimated with the Wald test, and different genetic models were evaluated using the Akaike Information Criterion (AIC).
Multifactor dimensionality reduction analysis. Gene-gene interactions between analysed SNP positions were evaluated using the multifactor dimensionality reduction approach (MDR; software ver. 2.0 beta 8.1 (www.epistasis.org)). The method relies on reduction of high-dimensional data to one-dimensional variables by pooling genotypes into two groups: 'high-risk' and 'low-risk' on the basis of the ratio of cases to controls. In the procedure, the analysed data are divided into 10 equal parts to perform 10-fold cross validation (CV). The model is created on 9/10 of the data (training set) and then evaluated for its prediction ability using the remaining 1/10 (testing set). The procedure is repeated for each possible 9/10 of the data (that is, 10 different possible intervals), and then CV consistency is calculated as the number of times that a particular model is chosen as the best one for each of the 10 intervals. The second important measure is balanced accuracy (BA), which shows how many instances are correctly classified using the MDR model and is calculated as (Sensitivity+Specificity)/2. BA is especially useful when the data set is not balanced (that is, different numbers of cases and controls) and gives equal weight to each class.
In this study, 24 SNP positions were tested for potential gene-gene interactions explaining observed variation in eye colour in humans. Various eye pigmentation classifications were tested, in particular separate models were built for blue, green, hazel and brown eye colours. The genotypes for SNP positions from M1 were categorized in an additive manner. In case of the rs12913832 position additionally recessive categorisation was applied and this was chosen for reporting as more appropriate and giving clearer results, which is also supported by our previous study. 26 In the case of the MC1R gene, polymorphisms were divided into two groups: the high penetrance variants coded as 'R' (N29insA, V84E (rs1805006), R151C (rs1805007), R142H (rs11547464), R160W (rs1805008), D294H (rs1805009) and Y152OCH), and low penetrance variants coded as 'r' (V60L (rs1805005), V92M (rs2228479), I155T (rs1110400) and R163Q (rs885479)). For high penetrance variants ('R'), three states were considered, assuming the existence of major function mutations; that is, 0¼no 'R' variant carriers, 1¼one 'R' variant carrier and 2¼two 'R' variant carriers. The same approach was used to categorise low penetrance variants (0¼no 'r' variant carriers, 1¼one 'r' variant carrier and 2¼two 'r' variant carriers).
Before actual MDR analysis, pre-process filtering using a ReliefF filter on the data set was conducted to reduce the chances of false positives. ReliefF statistic is a method that qualifies the relevance of variables and the dependency between them for predicting of phenotypic trait [34] [35] [36] and was applied to limit the number of variables that were considered in further analysis. In this study, the top five attributes were selected. After filtering, exact analyses were conducted for all eye colour classifications. In all cases, one to three attribute combinations were considered and the model with the highest BA and CV consistency was chosen as the best for explaining eye-colour variation in humans. The statistical significance of models was evaluated by a 1000-fold permutation test using MDR Permutation Testing Module 1.0 beta 2 software (www.epistasis.org).
Study of interaction information using the entropy-based approach. To interpret the obtained results, MDR software provides dendrogram graphs to view the presence of interactions between attributes and the strength of those interactions. The dendrograms are built using hierarchical cluster analysis. To explain the nature of particular interactions, the concept of information gain based on entropy measure proposed by Jakulin and Bratko is used. 37, 38 The entropybased approach is a non-parametric method for measuring 'uncertainty' and enables estimation of the benefit in information gain from considering two attributes together over considering them apart. Negative entropy between two attributes suggests redundancy (the interaction provides redundant information), whereas positive entropy indicates synergy between attributes (the interaction between attributes delivers more information than the sum of the individual attributes).
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Logistic regression analysis. Binary logistic regression (eye colour classified as blue versus non-blue, green versus non-green, hazel versus non-hazel) was used to calculate odds ratios (OR) with 95% CIs and respective P-values for interaction models predicted by MDR to confirm obtained results, as well as for testing potential main effects of particular factors included in the detected interaction models. The same manner of categorisation of genotypes for particular SNPs was used as for MDR analysis. Confirmation of significance of the revealed gene-gene interactions was achieved using multinomial logistic regression where eye colour was defined into four categories; that is, blue, green, hazel and brown. Calculations were carried out using PASW statistics version 17 software (SPSS Inc., Chicago, IL, USA).
RESULTS
Population analyses and haplotype evaluation
Among the studied population, 367 individuals (51.1%) had blue eye colour, 96 (13.4%) green, 149 (20.8%) hazel and 106 (14.8%) had brown eye colour. After Bonferroni's correction for multiple testing (P40.0020833), all the 24 analysed SNP positions were found to be in Hardy-Weinberg equilibrium. As expected, the LD testing revealed linkage disequilibrium (valid after Bonferroni's correction for multiple testing, Po0.0020833) between loci located closely on a single chromosome; that is, rs1800407 in OCA2 and rs12913832 in HERC2, rs49111414 and rs1015362-both in ASIP, rs683 and rs1408799-both in TYRP1, rs3829241 and rs35264875-both in TPCN2 and polymorphisms within the MC1R gene (data not present). Table 1 shows the haplotypes for which significant associations with eye colour were found based on Wald statistics. Association was tested for eye colour defined as blue versus rest. All the haplotypes reconstructed for the pair of SNPs OCA2-HERC2 were found to be significantly associated with eye colour. One haplotype; that is, TC for the pair of SNPs located on chromosome 9; that is, rs1408799 and rs683 and three haplotypes; that is, AGA, AAG, TGG for the SNPs located on chromosome 11; that is, rs35264875, rs3829241, rs1393350 also revealed significant association with eye colour.
MDR, interaction entropy and logistic regression analyses
The 24 analysed SNP positions, which had previously been shown to be significantly associated with differences in pigmentation among humans, were tested for potential gene-gene interactions explaining variation in eye colour using the MDR method. Table 2 shows selected by ReliefF filtering procedure the top five SNP positions, for all eye colour classifications, which were further considered in MDR analysis. In Table 3 , the best models (consisting of up to three-factors) predicted by MDR are presented together with their CV consistency, BA and P-values. Table 4 shows interaction entropy analysis based on MDR to explain the contribution of particular factors to information gain and to explain the nature of epistasis. Binary logistic regression was used for confirmation of the results obtained with MDR (Table 5) .
Model-blue versus rest MDR analysis conducted for eye colour classified as blue versus nonblue gave the two best models with the same values: CVC¼10/10, BA¼0.8369 and P-values o0.001; that is, a one factor model formed exclusively by rs12913832 in HERC2 and a two-factor model assuming interaction between rs12913832 in HERC2 and rs12896399 in SLC24A4. Analysis of the dendrogram graph (Figure 1a ) confirmed the validity of the latter model assuming strong interaction between these two factors; the blue line between them suggests a negative information gain; that is, redundancy. Analysis of entropy reveals that the largest main independent effect is attributed to the rs12913832 position. This means that it removes 37.14% of 'uncertainty' in prediction of eye colour defined as blue versus non-blue, whereas rs12896399 removes 1.10% (Table 4) . Interestingly, when considering these two factors together, the additional entropy explained by interaction was obtained at a level of À1.10%, which means that 1.10% of 'uncertainty' , which is explained by rs12896399 is also explained by rs12913832 (rs12896399 provides redundant information). This suggests a masking effect of rs12913832 on rs12896399. Figure 2a shows that carriers possessing CC, CA or AA genotypes in rs12896399 with CC genotype in rs12913832 are all classified into the group of 'high-risk' of having blue eye colour. Detailed analysis indicates that the chances of having blue eye colour rise with A allele in rs12896399 (which is seen based on the ratio of cases to controls), and the highest chances of having blue eye colour are with AA genotype in rs12896399, but only on condition of possessing CC genotype in rs12913832. The allele T in rs12913832 in HERC2 masks this effect and, independently of the genotype in rs12896399, individuals possessing the T allele in rs12913832 are classified into the group of 'low-risk' of having blue eye colour (with the ratio of cases to controls on the 0.1-0.2 level for all genotypes in rs12896399). Logistic regression analysis applied to these two factors confirmed a strong interaction effect with OR¼7.592 and P-value¼0.000 (Table 5) .
Model-green versus rest
Green versus non-green eye colour is, according to MDR, best predicted by a three-factor model consisting of rs12913832 in Green versus non-green rs12913832, rs1800407, rs12203592, rs1408799, MC1R_R
Hazel versus non-hazel rs12913832, rs1800407, rs1393350, rs3829241, MC1R_r
Brown versus non-brown rs12913832, rs1800407, rs1393350, rs12821256, MC1R_r
Abbreviations: MDR, multifactor dimensionality reduction; SNP, single nucleotide polymorphism.
Genetic interactions affect eye colour variation E Pośpiech et al HERC2, rs1408799 in TYRP1 and rs1800407 in OCA2 (CVC¼10/10, BA¼0.6184, P¼0.0001-0.002). Interestingly, dendrogram graph analysis (Figure 1b ) revealed positive interaction effects among these three factors, with the strongest effect between rs12913832 and rs1408799. The entropy-based approach points to two interaction pairs; that is, rs12913832 and rs1408799 and also rs12913832 and rs1800407. The rs12913832 position removes 0.28% of 'uncertainty' in green eye colour prediction, rs1408799 removes 0.23% and the interaction between them eliminates an additional 1.23%, which suggests the benefit of considering these two factors together over treating them separately. This result is supported by logistic regression analysis (Table 5) , which revealed that rs12913832 and rs1408799 as independent factors are not significantly associated with green eye colour; that is, have no main effect and only considering them together as an Genetic interactions affect eye colour variation E Pośpiech et al interaction model is statistically significant with OR¼1.862 and P-value¼0.000. The second detected positive interaction effect between rs12913832 and rs1800407 is weaker than the previous effect, on the basis of dendrogram graph analysis (Figure 1b) . The rs1800407 position explains 0.47% of the entropy, the interaction brings an additional 0.82% and the sum of the entropy comprising interaction explains 1.57% of 'uncertainty' in predicting green eye colour. Notably, this interaction effect is also confirmed by logistic regression analysis with OR¼1.989 and P-value¼0.015 (Table 5) . At the next stage, we carried out detailed analysis of distributions of genotypes for both interaction models. In the case of the model including rs12913832 and rs1408799, the chances of having green eye colour increase in a nonlinear manner when possessing at least one T allele in rs1408799, but only in the presence of the CC genotype in rs12913832, or when possessing the CC genotype in rs1408799, but only in the presence of the CT or TT genotype in rs12913832 (Figure 2b ). In the case of the second interaction effect, the chances of having green eye colour increase when the GG genotype is present in rs1800407, provided that the CC genotype is present in rs12913832, or when possessing at least one T allele in rs12913832, but only on condition of having the GA genotype in rs1800407. As the AA genotype was not observed in rs1800407 in the studied population sample, it is impossible to comment on the effect of this state (Figure 2c ).
Model-hazel versus rest
A strong interaction effect between rs12913832 and rs1800407, but of a different; that is, redundant, nature was also detected when eye colour was defined as hazel versus non-hazel (Figure 1c) , with the following parameters of the model: CVC¼10/10, BA¼0.7860 and Po0.001 (Table 3 ). Entropy analysis showed that rs12913832 has, similarly to the blue versus non-blue model, the largest main independent effect with the ability to remove 16.58% of entropy, whereas the second factor with a smaller independent effect; that is, rs1800407, removes 1.09%. Additional entropy explained by interaction amounts to À0.88%. Genotype combinations associated with hazel and nonhazel eye colours (Figure 2d ) suggest the masking effect of rs12913832 on 1800407. Individuals with GG and GA (the AA genotype was not observed) in rs1800407 are classified into the group of 'low-risk' of possessing hazel eye colour, but only in the case of having the CC genotype in rs12913832. Possessing at least one T allele in the rs12913832 position masks this effect and all individuals (independently of the genotype in rs1800407) are then classified into the group of 'high-risk' of having hazel eye colour. Logistic regression confirms the significance of this interaction with OR¼2.790, P-value¼0.000 (Table 5) .
Model-brown versus rest
Brown eye colour according to MDR is mostly under the control of rs12913832 (CVC¼10/10, BA¼0.8391, Po0.001) and analysis of the dendrogram graph, as well as examination of entropy, did not reveal any significant interactions explaining brown eye colour (data not present).
DISCUSSION
Eye colour is a polygenic trait with multiple genes involved, but a major role is attributed to two genes, HERC2 and OCA2, located on chromosome 15. 16, 26, 32, 39 Analysis of the HERC2-OCA2 region enables prediction of extreme (blue or brown) eye colours from genetic data with a reasonably high accuracy and has already been applied in real cases concerning identification of human remains. 40, 41 Several other genes have been found to contribute to a lesser degree to the continuous variation in iris colour from light blue through intermediate (green and hazel) to dark brown, which is observed in humans. 13, 14, 18, 19, 25 As the effect of multiple genes on determination of a phenotype may not be limited to their additive function, 42, 43 it is obvious that epistatic effects should also be taken into account when studying the genetics of a polygenic trait such as eye colour. Several methods have been proposed to study nonlinear effects of multiple genes on a phenotypic trait. 4 It has been pointed out that traditional parametric methods, such as logistic regression, are problematic in detecting gene-gene interactions in a situation of data deficiency in high dimensions. 44 The MDR method constitutes an alternative to such methods, and is a non-parametric and model-free data mining approach developed to improve the power of detecting multilocus effects in epidemiological studies. [44] [45] [46] [47] [48] [49] [50] In comparison with parametric methods, MDR is able to identify interactions in the absence of detectable main effects and in relatively small sample sizes. 44, 45 The next advantage of the MDR method is that it enables us to explain the nature of interactions through implemented entropy-based analysis.
The examples of application of the MDR method include studies on such complex diseases as: sporadic breast cancer, 45 essential hypertension, 51 asthma 52 or systemic sclerosis. 53 In this study, by using MDR and logistic regression methods, interactions between known pigmentation genes, SLC45A2, IRF4, TYRP1, TPCN2, TYR, KITLG, SLC24A4, OCA2, HERC2, ASIP and Figure 1 Interaction dendrograms for blue versus non-blue (a), green versus non-green (b) and hazel versus non-hazel (c) eye colour classification. A red line represents a high degree of synergy, orange-lesser degree of synergy, gold-independence or additivity, blue and green-the redundancy with the highest degree represented by blue line. The more the line connecting two attributes is moved to the right side the stronger is the interaction.
Genetic interactions affect eye colour variation E Pośpiech et al MC1R, were evaluated for their significance in eye colour determination in a cohort of 718 unrelated individuals from Poland. Except for rs3829241 and rs35264875-both in TPCN2, rs1015362 and rs4911414-both in ASIP and variation in MC1R, all the polymorphisms studied in this research have been reported to affect eye colour in humans. 13, 14, 16, 18, 19, 25, 28, 31, 32 As variables without a main effect can still be involved in significant interactions determining polygenic traits, we also considered (in our study) pigmentation-related polymorphisms that have not been associated with eye colour, but have been correlated with other pigmentation traits; that is, skin and hair colour. 18, 19, 21, 54 Analysis conducted revealed three pairs of SNPs with significant interaction effects contributing to eye colour variation in the studied population. These loci are rs12913832 in HERC2 and rs1800407 in OCA2 (for hazel versus non-hazel and green versus non-green eye colour categorisation), rs12913832 in HERC2 and rs12896399 in SLC24A4 (for blue versus non-blue model), rs12913832 in HERC2 and rs1408799 in TYRP1 (for the green versus non-green model). The obtained results confirmed the predominant role in eye colour inheritance of two genes located on chromosome 15; that is, HERC2 and OCA2. The OCA2 gene encodes a protein that is an integral part of the melanosomal membrane and is responsible for regulation of pH inside the melanosome, [55] [56] [57] which, in consequence, has an influence on the activity of the enzyme tyrosinase, which has a crucial role in the synthesis of the pigment melanin. The important role of OCA2 in eye colour determination was confirmed in many studies, 11, 13, 28, 31, [58] [59] [60] [61] and further investigations revealed that regulation of OCA2 expression through the neighbouring HERC2 gene might have a crucial role. 16, 20 A functional effect was assigned to the rs12913832 position located in a conservative segment of the intron 86 of the HERC2 gene, which contains transcription factor-binding sites. 16 Functional studies by Eiberg et al. 32 indicated that two alleles in rs12913832 have different affinities and bind with different strength Genetic interactions affect eye colour variation E Pośpiech et al to transcription factors, so a sequence around position rs12913832 may have the role of a transcription silencer. Further studies confirmed the highest significance of rs12913832 in eye colour determination and also showed that in spite of strong linkage between HERC2 and OCA2, one position in the OCA2 gene; that is, rs1800407, remains independently associated with eye colour and has a modulatory role for rs12913832 in HERC2. 16, 31 Our analyses showed that these two SNP positions were in strong LD and all the reconstructed haplotypes were found to be significantly associated with eye colour (Table 1) . Moreover, both the SNPs were selected by ReliefF filtering in case of three from four eye colour models ( Table 1 ). The ReliefF filter is capable of detecting dependencies between variables. It enables to select most important predictors considering not to remove the pairs of SNPs that are dependent, 36 so it doesn't have to remove SNPs that stays in LD because they can still reveal interaction effects. Analysis of results summarized in Table 2 shows that in our study the pair of SNPs in HERC2 and OCA2 was the only pair of polymorphisms that stay in LD and were selected by ReliefF filtering procedure and considered further in MDR analysis. It is also worth noting that in our study, the rs12913832 position in HERC2 appeared in all tested eye colour classifications as the best one-factor model explaining variation in eye colour and, moreover, is a component of all revealed interaction models ( Table 3 ). The epistatic effect between rs12913832 in HERC2 and rs1800407 in OCA2 was detected for green and hazel eye colour models. In the case of hazel versus non-hazel classification, the interaction effect had a redundant character; that is, the interaction between those variables with main independent effects results in a loss of information, which is caused by the masking effect of rs12913832 on 1800407. In the case of green versus non-green classification, rs12913832 and rs1800407 revealed a significant positive (synergistic) interaction effect in the absence of a main effect, which suggests that even though none of these factors are significantly associated with green eye colour as independent factors, considering them together can be highly relevant in green eye-colour prediction. We found that the chances of having green eye colour increase non-additively with the A allele in rs1800407 in combination with the T allele in rs12913832. This confirms results obtained by Sturm et al., 16 who also reported a connection between a combination of genotypes in rs12913832 and rs1800407 and its association with intermediate (including green) eye colour. They observed increasing penetrance for intermediate eyes with the A allele in rs1800407 and a particularly striking effect was seen with the TT genotype in rs12913832. The next factor that revealed an interaction effect with rs12913832 in HERC2 was the rs12896399 position in the SLC24A4 gene, which encodes a calcium ion transporter. Position rs12896399 in SLC24A4 was initially associated with eye colour by Sulem et al. 18 and that finding was further supported by Liu et al. 25 In this study the masking effect of the position rs12913832 in HERC2 on rs12896399 in determining blue versus non-blue eye colour was revealed. The strong interaction between these two factors with main effects brings redundant information. The observed masking effect of HERC2 on SLC24A4 is supported by a study carried out by Liu et al., 22 who tested pairwise interactions between 64 SNPs from genes: HERC2, OCA2, SLC2A4, TYR, TYRP1, SLC45A2 and IRF4, and loci 1q42.3, 17q25.3 and 21q22.13 by comparing two models with and without the interaction term using the F-test.
The study carried out enabled us to reveal a novel synergistic interaction between rs12913832 in HERC2 and rs1408799 in TYRP1, which is significant for explanation of green versus non-green eye colour. The product of the TYRP1 gene, tyrosinase-related protein 1, is a melanosomal enzyme that is involved in the eumelanin synthesis pathway. Rare mutations in TYRP1 are responsible for oculocutaneous albinism type 3 in humans. The TYRP1 gene was initially correlated with natural distribution of eye colours by Frudakis et al., 13 whereas the significance of the rs1408799 position in inheritance of eye colour was identified through a genome-wide association study carried out by Sulem et al. 19 In our study, a strong interaction between rs12913832 and rs1408799 was revealed in a model built for green eye colour. It was further worked out that the character of this interaction is synergistic; that is, the interaction between these two factors delivers more information than the simple sum of the individual factors. Interestingly, neither factor revealed significant association with green eye colour; that is, they have no main effects, whereas interaction between them is highly significant, which means that they can only explain green eye colour when an interaction between them is assumed.
Using the MDR method supported by binary logistic regression analysis, we were able to show four different gene-gene interactions affecting variation in human eye colour. Because both methods used in our study consider only dichotomous dependent variables; that is, studied variable must be presented in a binary way (blue versus nonblue etc.) and the analyses had to be conducted for four individual colours separately, we additionally used one more method and conducted analysis using multinomial logistic regression where all eye colours were treated together (variation in eye colour was defined in four categories; that is, blue, green, hazel and brown). This analysis also confirmed the significance of all four revealed interactions in determining human eye colour (data not present). Undoubtedly, according to all analyses conducted, the best eye colour predictor is position rs12913832 in HERC2, which is consistent with our previous gene-gene interaction study. 26 The polymorphism in HERC2 is also a component of all the revealed epistatic effects. Interactions between rs12913832 in HERC2 and rs1800407 in OCA2 obtained for the hazel eye model and between rs12913832 in HERC2 and rs12896399 in SLC24A4 obtained for the blue eye model have a redundant character and rely on the masking effect of the position in HERC2 on polymorphisms in OCA2 and SLC24A4. The most valuable interaction effects are ones detected for the green eye model; that is, interaction between rs12913832 in HERC2 and rs1800407 in OCA2 and the novel strong interaction between rs12913832 in HERC2 and rs1408799 in TYRP1. In our study, both interaction models for green eye colour include factors with no main effect on this eye colour (as evaluated with binary logistic regression), and only assumption of epistasis makes them significant in prediction of this eye colouration. It needs be pointed out that the detected epistatic effects remove only 2.05% (1.23% due to HERC2 and OCA2 interaction plus 0.82% due to HERC2 and TYRP1 interaction) of entropy in green eye-colour determination, and thus further studies are necessary to explain the genetic basis of green and other intermediate eye colours. The statistical findings reported here constitute a first step on the way to better understanding of the mechanisms that are responsible for determination of human eye colour. Inferring the biological nature of the detected interactions is evidently not an easy task and needs to be supported by functional studies. However, the gained information can be used directly in models being developed for the purpose of eye colour prediction as should to some degree be beneficial for prediction of intermediate eye colours.
